MutS and
M
ultiple genetic stabilization functions have been attributed to the MutS and MutL families of DNA mismatch repair proteins. In both prokaryotes and eukaryotes, MutS and MutL homologs play key roles in the correction of DNA biosynthetic errors and the transcription-coupled repair of DNA damage (1) (2) (3) (4) . In mammalian cells, MutS␣ (MSH2⅐MSH6 heterodimer), MutS␤ (MSH2⅐MSH3 heterodimer), and MutL␣ (MLH1⅐PMS2 heterodimer) are also thought to function as lesion sensors for certain types of DNA damage that kill by triggering apoptosis (1, 4, 5) . Inactivation of the mismatch repair system results in a large increase in the spontaneous occurrence of base substitution and frame-shift mutations, an effect that can be understood in terms of these genetic stabilization functions.
In addition to their roles in replication fidelity and DNA damage responses, MutS and MutL homologs act to ensure the fidelity of genetic recombination. In the bacterial system, where this function has been most thoroughly examined, MutS and MutL act as a barrier to recombination between diverged DNA sequences (homeologous recombination). This barrier not only serves to prevent intrachromosomal rearrangements, but also contributes to the stability of a bacterial species by blocking the production of recombinant chromosomes that would otherwise result from the interspecies exchange of related sequences (6) . Although the mechanisms underlying these antirecombination activities of bacterial mismatch repair proteins are not fully understood, available evidence indicates that these effects are a consequence of MutS-and MutL-dependent editing of early strand-transfer intermediates when mismatched base pairs occur within the recombination heteroduplex (1, 4) . Such structures presumably undergo subsequent disassembly, possibly by a DNA helicase II-dependent pathway (7) .
Yeast MutS and MutL homologs also act to suppress homeologous recombination events in both mitotic and meiotic cells. As in the bacterial system, genetic studies suggest that Saccharomyces cerevisiae MutS and MutL homologs function in this manner by blocking expansion of a heteroduplex that contains mismatched base pairs (4) . Furthermore, the efficiency of gene replacement (8, 9) and analysis of double-strand break repair (10) in murine embryonic stem cells suggest that the mammalian mismatch repair proteins MSH2 and MSH6 have a similar function. We show here that inactivation of the human MSH6 or MLH1 genes is associated with a large increase in the frequency of gene amplification. Because changes in DNA copy number and other chromosome rearrangements have been implicated in tumor development (11) , this effect may contribute to the cancer predisposition associated with mismatch repair deficiency.
Experimental Procedures
Cell Lines and N-Phosphonacetyl-L-aspartate (PALA) Selection. TK6 and MT1 cells (12, 13) were grown in RPMI medium 1640 supplemented with 10% (vol͞vol) FBS (HyClone). HCT116 and HCT116.ch3 (14) were maintained in McCoy's 5A medium (HyClone) supplemented with 2 mM L-glutamine and 10% (vol͞vol) FBS. For growth of HCT116.ch3 cells, the latter medium was supplemented with 400 g͞ml of geneticin disulfate.
PALA was a gift from the Drug Synthesis and Chemistry Branch (Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute). PALA sensitivity, defined as the concentration of PALA that inhibits cell growth by 50% (ID 50 ), was determined as described by Perry et al. (15) . Selection for resistance was performed at a PALA concentration of 3 times the ID 50 concentration by using medium deficient in deoxyribonucleosides and ribonucleosides that was supplemented with 10% (vol͞vol) dialyzed FBS (HyClone). In the case of attached HCT116 and HCT116.ch3 cell lines, each selection used Ϸ10 7 cells, plating 5 ϫ 10 5 or 1 ϫ 10 6 cells per 10-cm plate. Medium was changed every 5 days, and PALAresistant colonies appeared after 2-3 weeks. Frequencies cited are corrected for plating efficiency. For TK6 and MT1 cells, which grow in suspension, 1 ϫ 10 4 cells were seeded into each well of a set of 10 96-well dishes. PALA-resistant cells were observed after 3-4 weeks by nitro blue tetrazolium stain. Colonies containing 100-200 live cells were scored as PALAresistant clones.
Fluctuation Analysis. Wells of 24-well plates were inoculated with Ϸ10 3 cells. After growth without selection to 10 6 cells per well, cells were dispersed by trypsinization, cells from each well were plated onto 10-cm dishes, and treated immediately with 100 M PALA. Medium was changed every 4-5 days until resistant colonies appeared (2-3 weeks). Plates were stained with methylene blue, and colonies containing 100-200 cells were scored as PALA-resistant. A single resistant clone was picked from each plate for further study. Controls for plating variation were derived from a single mass culture grown in a T175 flask. After dispersal by trypsinization as described previously, samples of 5 ϫ 10 5 or 10 6 cells as indicated were distributed into 10-cm Abbreviations: PALA, N-phosphonacetyl-L-aspartate; FISH, fluorescence in situ hybridization. § To whom reprint requests should be addressed. E-mail: modrich@biochem.duke.edu.
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dishes and immediately treated with PALA as described previously.
Quantitative Southern Blot Analysis. Genomic DNA was isolated from cultured cells by SDS lysis, proteinase K digestion, and phenol extraction (16) . After digestion with PstI endonuclease, genomic DNA samples were ethanol-precipitated, dissolved in 0.01 M Tris⅐HCl (pH 7.6)͞1 mM EDTA, and concentrations were determined by absorbance at 260 nm. Samples (10 g) were subjected to electrophoresis through 0.8% agarose, and DNA was transferred to a nylon membrane (Amersham Pharmacia Biotech), which was hybridized with a mixture of 32 P-labeled probes corresponding to CAD (carbamyl-P synthetase͞aspartate transcarbamylase͞dihydro-orotase) and p53 gene sequences. A 1.5-kb probe corresponding to nucleotides 2646-4146 of the CAD genomic sequence (17) was prepared by PCR in the presence of [␣-32 P]dCTP (3,000 Ci͞mmol; NEN), using cosmid HU-CAD-69 (18) (generously provided by George Stark, Cleveland Clinic Foundation) as template. A 32 P-labeled 1-kb probe corresponding to p53 cDNA nucleotides 569-1572 (19) was prepared in a similar manner from the cDNA clone pT7-7Hup53, which was kindly provided by David Lane (University of Dundee, Scotland). DNA hybridization was performed in a commercial buffer, using conditions recommended by the manufacture (Ambion, Austin, TX). Hybridized Southern blots were phosphorimaged by using a STORM imager system, and data was quantitated with IMAGEQUANT software (Molecular Dynamics). Relative CAD gene dosage was estimated based on the ratio of 32 P in the CAD band relative to that in the p53 band. The relative gene dosage for PALA-sensitive HCT116 and MT1 cells was assigned a value of 1.0.
Fluorescence in Situ Hybridization (FISH).
FISH experiments were performed as described (20, 21) . Briefly, chromosomes of mitotic metaphase spreads were denatured in 70% formamide, 2ϫ SSC (0.3 M NaCl͞0.03 M sodium citrate, pH 7.0) at 75°C for 3 min, and then dehydrated in absolute ethanol. A fluorescent probe for human chromosome 2 alpha satellite DNA was purchased from Vysis (Downers Grove, IL). A fluorescent CAD DNA probe was prepared by nick translation of cosmid HU-CAD-69 (18) in the presence of fluorophore-labeled dUTP (Vysis). CAD and human chromosome 2 probes were denatured at 75°C for 5 min in hybridization buffer (Vysis) and hybridized at 37°C for 24 h to metaphase spreads according to recommendations of the manufacturer. Slides were then washed at 75°C with 0.1% Nonidet P-40͞2ϫ SSC for 5 min, with 0.3% Nonidet P-40͞0.1ϫ SSC at room temperature for 1 min, and air-dried at room temperature. Chromosome DNA was counterstained with DAPI (4Ј,6-diamidino-2-phenylindole, Vysis), and chromosomes were visualized by using a Zeiss Axioskop fluorescence microscope.
The PALA-resistant derivatives of HCT116 and MT1 cells that were examined by FISH were attributed to independent genetic events. In the case of HCT116, resistant derivatives were assumed to be independent if they occurred during different frequency-based selections (Table 1 ) or if they arose in different cultures during fluctuation analysis. For MT1 cells, resistant derivatives were assumed to be independent if they arose in different wells of 96-well plates used for their selection (see above).
p53 cDNA Sequences and Protein Levels. Total RNA was extracted from cells with Trizol reagent (GIBCO͞BRL) as specified by the manufacturer, and cDNA was synthesized by using Superscript First-Strand Synthesis kit (GIBCO͞BRL). A 1510-bp DNA fragment spanning the p53 coding region was amplified from the cDNA pool by using d(GGACACTTTGCGTTCGGGCTG) and d(AGTAAAAACCTTAAAATCTAAGCTGGTATG) as primers. Sequences of PCR products were determined by the Duke University DNA Analysis Facility. Cellular levels of p53 were determined by Western blot as described (22) .
Results
The Frequency of PALA Resistance Is Highly Elevated in MLH1 ؊͞؊ and MSH6 ؊͞؊ Human Cell Lines. Because selection for PALA resistance has proven useful for the study of gene amplification in mammalian cells (23, 24) , we have exploited this system to assess the effects of mismatch repair deficiency on chromosome rearrangements. Two sets of human cell lines were used in these studies. Mismatch repair-deficient MT1 cells were derived from repairproficient TK6 lymphoblastoid cells by single-step selection for high-level DNA methylator resistance (12) . Methylator resistance and mismatch repair deficiency of MT1 cells are due to a hMutS␣ defect, a consequence of missense mutations in both alleles of MSH6 (13, 25) . The HCT116 colorectal tumor cell line is defective in mismatch repair as a result of inactivation of both alleles of MLH1 and hMutL␣ deficiency (26) . The control cell line in this case was HCT116.ch3, which was derived from HCT116 by introduction of a single copy of human chromosome 3 carrying a wild-type MLH1 gene (14) . HCT116.ch3 cells are proficient in mismatch repair and are genetically stable.
As shown in Table 1 , the sensitivity of these four human cell lines to the growth-inhibitory effects of PALA is independent of mismatch repair status, as judged by the concentration necessary to inhibit cell growth by 50% (ID 50 ). However, the frequency of resistant colonies selected at a PALA concentration of 3 times the ID 50 (15) 
PALA-Resistant Colonies Arising in Mismatch Repair-Deficient Back-
grounds Are Primarily Due to CAD Gene Amplification. PALA blocks pyrimidine biosynthesis by inhibition of aspartate transcarbamylase, one activity of a trifunctional polypeptide encoded by the mammalian CAD gene (27) . Although CAD gene amplification is a common mechanism of PALA resistance in rodent cell lines (28) , CAD amplification is typically rare in cultured human cells (18, (29) (30) (31) ; however, exceptions to this generalization have been noted. Defective p53 function is sufficient to confer a permissive state for amplification of the human CAD locus, but other permissive pathways may also exist (32, 33) . PALA resistance due to mechanisms other than CAD amplification have also been observed in human cells (18) .
To determine whether CAD amplification contributes to development of PALA resistance in mismatch repair-deficient cells, the CAD gene copy number was estimated by quantitative Southern blot. Eight independent PALA-resistant derivatives of PALA resistance was scored as described in Experimental Procedures. Values shown for HCT116 and HCT116.ch3 are averages of three independent experiments. With HCT116.ch3, two experiments using 10 7 cells yielded no resistant clones, whereas a third experiment yielded three resistant colonies. The reason for this difference is not clear, although it could be due to occasional loss of the MLH1 ϩ chromosome 3 in the third experiment.
HCT116 and MT1 were examined in this manner by using a p53 sequence probe as internal standard (see Experimental Procedures). Eight of eight resistant isolates derived from MLH1 Ϫ/Ϫ HCT116 cells displayed a 2-to 3-fold increase in CAD gene dosage as judged by this method, and seven of eight isolates derived from MSH6 Ϫ/Ϫ MT1 cells behaved in a similar manner ( Table 2) . Because a 2-fold increase in CAD gene copy number is sufficient to confer a 5-to 10-fold increase in PALA resistance (18) , these observations suggest that CAD gene amplification is the predominant mechanism responsible for development of PALA resistance in MLH1-and MSH6-deficient human cells. backgrounds, PALA-sensitive HCT116 and MT1 cells and a set of independent PALA-resistant derivatives derived from each cell line were examined by FISH. These experiments demonstrated that both MT1 and HCT116 are nearly diploid (data not shown), confirming previous observations to this effect (34, 35) . Both cell lines contained two copies of chromosome 2, with each containing a CAD gene on the short arm ( Figs. 1 and 2 ). PALA-resistant derivatives of HCT116 and MT1 remained diploid with average chromosome numbers of 45.6 (SD ϭ 0.75, n ϭ 20) and 46.5 (SD ϭ 0.53, n ϭ 8), respectively.
As expected from the results of quantitative Southern blots, 20 of 20 independent PALA-resistant HCT116 isolates and 7 of 8 independent MT1-resistant clones were found to contain additional copies of the CAD gene. These amplification events fell into three classes: amplification of CAD on the short arm of chromosome 2 producing a condensed array of gene copies similar to that described (23); amplification events leading to the presence of one or more CAD copies on other autosomes or on the long arm of chromosome 2; and double events resulting in nuclei containing both types of rearrangement (Fig. 2) . Because nuclei with double events occur with a frequency similar to that of nuclei harboring a single type of rearrangement, it is clear that these two types of event are not independent. In fact, this observation suggests that the two types of event may involve a common intermediate that is capable of promoting several rearrangements. It is important to note that PALA-resistant derivatives of the mismatch repair-deficient cells we have examined do not contain additional copies of chromosome 2 or isochromosome 2p, as has been observed with several other human cell lines (18) .
CAD Amplification Is Not Due to Inactivation of the p53 Gene.
Although CAD amplification is rare in normal human cells, p53 defects render cells permissive for gene amplification (32, 33) . The p53 loci in the cell lines used here are wild type, and some p53-dependent signaling pathways are intact in these lines (22, (35) (36) (37) (38) . For example, the p53-and p21-dependent mitotic arrest that occurs on gamma irradiation is intact in HCT116 cells (38) . Although HCT116 is defective in p14ARF, which is encoded by chromosome 9 (39), murine cells deficient in the p14ARF homolog respond normally to PALA (40) .
However, it could be argued that the PALA-resistant HCT116 and MT1 derivatives described above arose from p53-deficient subpopulations present in cultures of these mutator cell lines. Although this possibility seems unlikely, based on the frequencies with which resistant colonies were observed in this study as compared with those observed in p53-deficient cells (18, 32, 33) , p53 cDNA sequences were determined for three independent PALA-resistant clones isolated from MLH1 Ϫ/Ϫ HCT116 cells. In each case, the sequence was wild type with no evidence for a heterozygotic defect, and each isolate contained a normal level of p53 polypeptide as judged by Western blot (data not shown). Indeed, the nature of the MLH1-proficient HCT116.ch3 cell line (previous and ref. 14) , used as control for studies with MLH1-deficient HCT116 cells, and the similarity of results obtained with HCT116 and MSH6 Ϫ/Ϫ MT1 cells render unlikely the possibility that a p53-dependent signaling defect is responsible for the phenotype described here. PALA-sensitive HCT116 and MT1 and eight PALA-resistant derivatives of each cell line were analyzed for CAD gene dosage as described in Experimental Procedures. Gene dosages cited are relative to that of the p53 gene, which served as internal standard. (Table 3) , using the method of Luria and Delbrück (41) . This approach yielded a value of 4 to 5 ϫ 10
Ϫ6
per cell per generation, about an order of magnitude less than that observed with the pseudodiploid p53-deficient HT-1080 human cell line (18) , but similar to values obtained with nontumorigenic rodent cells that are permissive for CAD amplification (29, 42) .
As shown in Table 3 , the ratio of variance to the mean for plating controls was near unity, as expected. By contrast, this value was much larger for both fluctuation experiments, ranging from 14 to 23, a consequence of the highly skewed nature of the experimental distributions. Furthermore, the value for the ratio of the experimental SD to the mean for these fluctuation experiments is similar to that predicted by the Luria-Delbrück theory (equation 12 of ref. 41 ). The simplest interpretation of these observations is that PALA selects for preexisting CAD amplification events that occur spontaneously in HCT116 cells, in agreement with previous conclusions concerning the origin of CAD amplification events which are obtained in fluctuation tests (29, 42) . However, it has been shown that PALA exposure can induce CAD amplification in some cell lines during the selection step (43) . This issue will be considered in Discussion.
Discussion
The experiments described here demonstrate that the probability of gene amplification is greatly enhanced in MT1 and HCT116 cell lines that are deficient in MSH6 or MLH1. It is important to note that high frequency CAD amplification in an MLH1-deficient cell line has been observed previously. Tlsty and colleagues (32) demonstrated that RKO cells, a pseudodiploid colorectal tumor cell line, are permissive for CAD amplification. Although unappreciated at the time, this cell line is now known to be MLH1-deficient as a result of epigenetic promoter silencing (44) . Because illegitimate recombination is believed to contribute in a major way to amplification of chromosomal segments (23, 45) , the simplest explanation for these observations that is consistent with known functions of mismatch repair is that this DNA repair system prevents this class of recombination events. MutS␣ and MutL␣ may act at several levels in this respect. Fluctuation analysis was performed as described in Experimental Procedures. Plating controls received 10 6 cells (fourth column) or 5 ϫ 10 5 cells (fifth column) per 10-cm plate. Mutation rates and the calculated value for the ratio of the SD to the mean were determined by using equations 8 and 12, respectively, of Luria and Delbrü ck (41) . Values for the expression CaN t were obtained from the numerical tables of Capizzi and Jameson (52) .
There is excellent evidence that microbial MutS and MutL homologs function to ensure the fidelity of genetic recombination (1, 4, 6) , probably by responding to mismatched base pairs within the recombination heteroduplex, resulting in abortion of the recombination event. MSH2 and MSH6 have also been implicated in the fidelity of double-strand break repair in mouse embryonic stem cells (8) (9) (10) , although there is little information concerning the underlying mechanism in this case.
Attempts to replicate damaged DNA can lead to replication fork demise and double-strand breaks, resulting in activation of recombinational repair systems (46) . DNA breaks produced in this manner are thought to be early intermediates in the gene amplification process in those cells that are permissive for this process (43, 47) . The mammalian mismatch repair system is known to respond to several types of chemical and photochemical genetic lesion, with lesion recognition and possibly processing by this system leading to activation of damage-response pathways (5). Because one model for MutS␣-and MutL␣-dependent damage-induced signaling posits that the activating lesions are produced after DNA biosynthetic bypass of template strand damage at the replication fork (13) , inactivation of the repair system may result in a stalled replication fork that is prone to uncontrolled strand breakage. Thus, in addition to its role in recombination fidelity, the mismatch repair may stabilize the replication fork to damage that could otherwise lead to strand breakage and production of recombinogenic DNA termini.
The simplest interpretation of the fluctuation experiments described above is that PALA selects for preexisting CAD amplification events that occur spontaneously in MutS␣-or MutL␣-deficient cells. However, this interpretation may be simplistic because PALA exposure can promote CAD amplification in some cell lines, an effect attributed to DNA damage that may result as a consequence of PALA inhibition of pyrimidine biosynthesis (24, 47) . Wahl and colleagues (43) have demonstrated directly that PALA exposure promotes gene amplification in p53-deficient HT1080 cells, a conclusion based on comparison of the CAD amplification frequency as scored by PALA selection with that for DHFR amplification using methotrexate selection. Although PALA selection revealed highfrequency CAD amplification, DHFR amplification was undetectable under these conditions. Because PALA exposure results in a p53-dependent arrest in G 0 ͞G 1 , whereas methotrexate leads to cell cycle arrest in early S phase by a p53-independent mechanism (48), these disparate observations were attributed to S-phase progression of p53-deficient cells in the presence of PALA, with the ensuing DNA damage promoting gene amplification events on selection plates (43) .
We have used flow cytometry analysis of DNA content to assess the cell cycle response of MLH1-deficient HCT116 and MLH1-positive HCT116.ch3 cells to PALA exposure. Twentytwo to twenty-three percent of the cells in asynchronous populations of these two lines were found to be in S phase (these data are available in Table 4 , which is published as supporting information on the PNAS web site, www.pnas.org). With both HCT116 and HCT116.ch3, this fraction increased to about 40% after 24 h of PALA exposure and then dropped to 6% or less by 48 h, with both cell lines arresting in G 0 ͞G 1 . Consequently, we regard as unlikely the possibility that PALA selection is inducing the amplification events that are observed in HCT116 cells. Although we have not used methotrexate selection, after this work was completed Lin et al. (49) reported high-frequency DHFR amplification in MLH1 Ϫ/Ϫ HCT116 cells using methotrexate selection. The nature of these amplification events was not established, but this finding, coupled with the results described here, implies that the nature of the amplificationpermissive state that exists in mismatch repair-deficient cells differs significantly from that in p53-deficient cells.
Analysis of karyotype variation and chromosomal rearrangements has revealed significant differences between RER The high-frequency occurrence of frame-shift and base substitution mutations has been extensively documented in mismatch repair-deficient mammalian cells, and the associated cancer predisposition has generally been interpreted in this context (1) (2) (3) (4) . However, mismatch repair-deficient cells are also prone to chromosomal rearrangements, which occur at a significant frequency in RER ϩ tumor cells. Because chromosome rearrangements have been implicated in tumor development, it seems likely that such events may also contribute to the cancer predisposition conferred by mismatch repair defects.
